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Objective	
We	have	 found	 that	~13%	of	 all	 human	 genes	 include	 at	 least	 one	 exon	 that	 can	
(and	apparently	does)	encode	alternate	peptides	 in	more	 than	one	 reading	 frame.	
These	 surprisingly	 prevalent	 dual-coding	 exons	 are	 nearly	 all	 conserved	 in	 the	
mouse	genome,	strongly	suggesting	that	they	play	an	important	biological	role.	The	
objective	 of	 this	 seed	 grant	 was	 to	 lay	 the	 groundwork	 for	 a	 grant	 proposal	 to	
characterize	 these	 dual-coding	 exons,	 understand	 when	 and	 where	 they	 are	
functional,	and	learn	what	sort	of	sequence	and	structural	traits	correlate	with	their	
presence.	
	
Summary	of	Results	
Funds	 from	 the	 UGP	 grant	 were	 used	 to	 pay	 wages	 for	 two	 students	 materially	
involved	 in	 gathering	 preliminary	 data	 and	 results	 to	 be	 used	 in	 an	 NIH	 R01	
proposal	 to	 be	 submitted	 in	October	 of	 2018.	 Below,	 I	 present	 some	highlights	 of	
that	pilot	work:		
	
Identification	 of	 dual-coding	 Exons.	We	 identified	 the	 aforementioned	 dual-coding	
exons	using	a	software	tool	developed	in	our	lab	prior	to	the	start	of	this	project.	By	
running	 Mirage	 on	 all	 human	 isoforms	 in	 UniProtKB,	 we	 identified	 dual-coding	
exons	 within	 alternative	 splicing	 products.	 We	 found	 that	 2,799	 of	 the	 21,980	
UniProtKB	 families	 contain	at	 least	one	dual-coding	exon,	 and	68	contain	a	 triple-
coding	exon	(including	an	exon	 in	 the	human	MLL5	gene	 that	encodes	 three	open	
reading	frames	each	encoding	a	131	amino	acid).	Most	dual-coding	regions	are	short	
(only	18%	are	longer	than	20	amino	acids)	and	consist	of	a	single	exon	(82%	are	1-
exon	 long,	 14%	 involve	 two	 consecutive	 exons,	 3%	 have	 three	 exons,	 while	 the	
remaining	 1%	are	 longer).	 Of	 dual-coding	 regions,	 45%	are	 5’	 terminal	 (most	 are	
nearly	 full	 length,	 suggesting	 that	nonsense-mediated	decay	 is	unlikely),	while	 the	
remaining	55%	revert	to	the	standard	frame	in	5’	flanking	exons.	Genes	with	dual-
coding	exons	are	distributed	across	the	genome,	though	not	uniformly:	they	are	10x	
denser	on	chromosome	19	than	on	chromosome	8,	and	extremely	rare	on	Y.		
	
Dual-coding	nature	of	exons	is	conserved.	To	confirm	that	our	observations	are	not	
simply	 the	 result	 of	 noisy	 splicing,	
we	 inspected	 mouse	 orthologs	 to	
human	 dual-coding	 exons,	 with	
orthology	 defined	 by	 UCSC	 whole	
genome	 alignments.	 We	 found	 that	
98%	 of	 all	 these	 mouse	 exons	
encode	 at	 least	 two	 open	 reading	
frames	 as	 well	 (Fig	 1,	 blue	 dots).	
While	most	of	the	dual-coding	exons	
are	 short,	 and	 thus	 may	 have	 two	
open	reading	 frames	by	chance,	 this	
feature	 is	 found	 in	 nearly	 all	 longer	
exons	 as	 well.	 This	 stands	 in	 stark	
contrast	 to	 the	 low	 frequency	 with	
which	 other	 mouse	 exons	 encode	
multiple	open	reading	frames	(Fig	1,	
red	 dots).	 The	 conservation	 of	
genomic	sequence	encoding	multiple	
overlapping	 open	 reading	 frames	
over	 ~90	 million	 years	 strongly	
suggests	 that	 many	 of	 these	 dual-
coding	exons	play	an	 important	role	
in	 some	 unidentified	 biological	
process(es).		
	
Expression	at	the	RNA	level	(pilot).	We	confirmed	the	existence,	 in	 ten	single-tissue	
RNA-Seq	 read	 sets	 from	 the	 NCBI	 Sequence	 Read	 Archive,	 of	 over	 400	 of	 the	
alternative	 variant	 of	 our	 dual-coding	 exons	 (we	 call	 these	 “Alternative	 Reading	
Frame	 [ARF]	 exons”).	 These	
were	 identified	by	seeking	reads	
that	 matched	 a	 32-nucleotide	
sequence	 that	 spans	 the	 splice	
junction	 on	 either	 end	 of	 the	
dual-coding	exon	(Fig	2).	The	left	
junction-spanning	 sequence	 is	
the	concatenation	of	 the	 final	16	
nucleotides	 of	 the	 preceding	
exon	 with	 the	 first	 16	 nucleotides	 of	 the	 ARF	 exon;	 the	 right	 junction-spanning	
sequence	 follows	 a	 similar	 strategy.	 These	 results	 do	 not	 demonstrate	 activity	
relative	to	the	standard	reading	frame	of	the	dual-coding	exon,	merely	that	the	ARF	
exon	is	observed	as	a	spliced	product.		We	have	begun	deeper	analysis	of	large-scale	
RNA-Seq	data	found	in	the	tissue-specific	expression	archive	GTEx.	
	
Figure	 2.	 Sequence	 unique	 to	 the	 Alternative	 (or	
Standard)	reading	frame	of	a	dual-coding	exon	can	be	
constructed	based	on	 the	 sequence	 surrounding	 the	
splice	junction.		
Quantifying the Presence of Alternative Reading Frames in the Human Genome
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Gene expression is the process by which DNA is
converted into a functional product (generally proteins).
Transcription, the first phase of gene expression, makes
an RNA copy from DNA sequence. After this stage, non-
coding introns are spliced out and only the coding parts
of the genetic sequence, called exons, are retained.
The RNA sequence is then read in groups of three, called
codons, which specify either an end to the polypeptide
or an amino acid; this division into triplets is the “reading
frame” for that sequence. With such base-three
grouping, shifting the reading frame over by one or two
nucleotides causes dramatic changes in the final protein.
Until recently, it was believed that human DNA almost
always has only one biologically relevant (protein-coding)
reading frame.
Yet recently, we discovered that Alternative Reading
Frame (ARF) genes appear in the human genome far
more commonly than was thought possible. ARFs c n
encode different proteins contingent on where the
reading frame is established.
During previous research in our
lab on multiple sequence
alignment tools, we identified
over 2,000 human proteins that
c nditionally ncode ARFs. To
confirm the validity of these
suspected ARFS, the exons were
mapped to homologous mouse
exons. For nearly every ARF
exon (97.8%), the mouse
homolog was found to have
two open reading frames, a
shocking level of conservation
suggesting an unknown
functional role.
We seek to understand the role of these highly conserved
ARFs. This will be aided by understanding which tissues,
conditions, and developmental stages present ARF-variant
activity. We can achieve this by searching in RNA-Seq
datasets for sequences that belong to either the Alternative
Reading Frame (ARFs) or the Standard Reading Frame
(SRFs). These distinguishing sequences can be built by
concatenating th 16 nucleotid s ending th exon preceding
the ARF/SRF, with the 16 at the beginning of the ARF/SRF
(a d similar flanking sequence near the end of the
ARF/SRF).
There is still much to be learned about where and what
ARFs are. We will do this search against an SRA file
representing a more substantial RNA sequence dataset
representing many tissues under many conditions. We
will compare ARF-distinctive read counts to standard
read counts, then seek to understand patterns in these
observations. We will also look at protein activity via
mass spectrometry analysis, test for overrepresented
sequence motifs, and identify common structural
features.
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INTRODUCTION PREVIOUS WORK
UNDERSTANDING ARF SEQUENCES
We developed a pilot impl m ntation of this test. We first
created a database of distinguishing sequences as described
above. We then downloaded RNA-Seq file SRA832889 from
NCBI’s Sequence Read Archive. The Archive was converted
to FASTA format, t n indexed and searched using Bowtie
with no mismatches allowed. 30% of ARF distinguishing
sequence are identified in this single RNA-Seq analysis. This
demonstrates that the ARF sequences are present, though it
does not address abundance.
ARF DISTRIBUTIONS
FUTURE RESEARCH
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Base pairs
(in millions)
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ARFs per 
million bases
1 248.96 222 0.89
2 242.19 130 0.53
3 198.29 125 0.63
4 190.21 67 0.35
5 181.54 71 0.39
6 170.81 123 0.72
7 159.35 111 0.7
8 145.14 34 0.23
9 138.39 76 0.55
10 133.8 90 0.67
11 135.09 107 0.79
12 133.28 112 0.84
13 114.36 31 0.27
14 107.04 75 0.7
15 101.99 57 0.56
16 90.34 89 0.98
17 83.26 112 1.34
18 80.37 23 0.29
19 58.62 149 2.54
20 64.44 64 0.99
21 46.71 29 0.62
22 50.82 48 0.94
X 156.04 58 0.37
Y 57.23 2 0.03
We found that the majority 
of ARFs are 1 exon long, 
though the frameshift 
occasionally lasts through 
multiple exons. We analyzed 
the distribution of ARF exons 
within proteins, and found 
that a surprisingly large 
fraction are the final exon in 
the protein. Finally, we 
determined the distribution 
of ARFs across 
chromosomes, and found 
that they appear to have 
non-random distribution; 
chromosome 19 is 
particularly dense with ARFs.
Figure	 1.	 Frequency	 of	 Exons	 Containing	
Multiple	Open	Reading	Frames,	by	Exon	Length.	
Exons	in	mouse	show	a	decreasing	probability	of	
containing	 multiple	 open	 reading	 frames	 as	
length	 increases	 (red	 dots),	 while	 nearly	 all	
mouse	exons	that	are	orthologous	to	human	ARF	
exons	 ave	two	 pen	reading	frames	(regardless	
of	exon	length).		
	
Presence	 at	 the	 protein	 level	 (pilot).	With	 collaborator	 Josh	 Adkins	 at	 the	 Pacific	
Northwest	 National	 Labs,	 we	 developed	 a	 pilot	 analysis	 on	 mass	 spectrometry	
samples	from	6	tissues.	The	study	found	evidence	for	296	distinct	peptides	from	our	
set	of	dual-coding	exons,	of	which	115	were	the	ARF.	This	surprisingly	high	ratio	of	
ARF	variants	suggests	that	further	MS	analysis	will	be	fruitful	(note:	we	developed	
the	peptide	libraries,	Dr.	Adkins	ran	the	MS	analysis	pipeline).	
	
Functional	annotation.	We	 tested	 for	 gene	 ontology	 (GO)	 term	overrepresentation	
among	all	proteins	containing	dual-coding	exons,	and	found	modest	enrichment	 in	
genes	associated	with	phosphorylation	and	DNA	damage	 response.	 Significance	of	
enrichment	was	only	on	 the	order	of	1e-5;	we	anticipate	 that	deeper	analysis	and	
clustering	 based	 on	 e.g.	 tissue	 and	 developmental	 state	 will	 lead	 to	 greater	
resolution	of	GO	enrichment.		
	
Conservation.	We	tested	the	level	of	conservation	of	exons	that	are	dual	coding	and	
exons	that	are	not	dual	coding,	using	UCSC	Genome	Browser	PhyloP	scores	based	on	
100	vertebrate	 genomes,	 averaged	over	nucleotide	positions	 across	 each	 exon.	As	
Figure	 3	 demonstrates,	 dual-coding	 exons	 tend	 to	 be	 less	 conserved	 than	 single-
coding	 exons.	 This	 agrees	 with	 the	 notion	 that	 exons	 with	 lower	 functional	
constraint	are	more	likely	to	be	able	to	acquire	dual-coding	status.	Further	analysis	
of	 constraint	 after	 the	 common	 ancestor	 with	mouse	 (in	 which	 nearly	 all	 human	
dual-coding	exons	are	also	dual-coding)	are	forthcoming.	
	
	
